A micromethod for assaying serum levels of erythromycin is described. The assay had the following characteristics: detection of 0.03 to 0.035 jsg/ml, a long-range curve which minimizes sample dilution, 0.04 ml for a single measurement (0.3 ml required for full coverage), and utility for a variety of body fluids. The method employs radial diffusion from small paper discs which were saturated by capillary action rather than by dipping or pipetting. Although the method was designed to handle serum in which the sample volume is limited, statistical analysis demonstrated that the method has satisfactory precision for routine use. A study of 10 consecutive assays indicates a precision of 412 % at the 95% confidence limits. The method of least squares was used to calculate the line of best fit, and the statistics were developed on this basis. The assay method is applicable to a variety of antibiotics.
methods are not readily adaptable to routine use because of their laborious nature. In addition, the limited range of the standard curve may require one or more dilutions of the samples before assay. The assay for erythromycin de- scribed in this paper fulfills the requirements of a method of acceptable accuracy and simplicity which is readily adaptable to other antibiotics.
MATERIALS AND METHODS
Standard. The working standard of erythromycin base was dissolved in methanol to a concentration of 1,000 ,ug/ml. This solution was diluted further to 100 pzg/mI in phosphate buffer, pH 7.0 (KH2PO4, 4 .0 g; K,.IPO4, 13 .6 g; water to 1,000 ml). This reference standard is stable for at least 1 week under refrigeration. Dilutions containing 0.25, 0.50, 1.0, 2.5, 5.0, 10.0, 20.0, and 40.0 jg/ml were made in distilled water from the buffer solution (100pug/ml). These solutions were then diluted with pooled normal human serum to concentrations of 0.025, 0.05, 0.10, 0.25 (reference), 0.50, 1.0, 2.0, and 4.0,pg/ml. A reference standard of either 0.5 or 1.0 ,gg/ml may be used in place of 0.25 pug/mi if the higher concentration is more appropriate for the samples being assayed.
Inoculum preparation. The test organism Sarcina lutea ATCC 9341 was maintained by biweekly transfer on agar slants of Antibiotic Medium one (Difco). Growth was washed from a slant with 3 ml of sterile distilled water. This suspension was used to inoculate a 2-liter Povitsky bottle containing 300 ml of the same medium supplemented with 7 g of agar per liter. The bottle was incubated for 24 hr at 28 C. Growth was harvested by washing with 20 ml of phosphate glycerol buffer (KH2PO4, 0.79 g; K2HPO4, 1.0 g; glycerol, 150 ml; water to 1,000 ml; pH adjusted to 7.0 4t 0.1). The turbidity of the suspension was adjusted so that a 1:200 dilution of the bulk suspension gave a 45% light transimission on a Beckman Model B spectrophotometer, sensitivity no. 3 at 650 nm. Cell count was approximately 4.5 X 109 per ml for the bulk suspension. The optimal amount of suspension used in the assay was determined by trial assay plates. Usually 0.08 to 0.10 ml of the concentrated suspension was used to inoculate 1 liter of agar medium. Small portions of the bulk suspension can be frozen at -60 C, stored at that temperature, and used for at least 1 year (11, 12) .
Preparation of assay plates. Antibiotic Medium, one with pH adjusted to 8.0 before sterilization, was cooled to 48 C and inoculated with S. lutea. Quantities (10 ml) of the inoculated medium were poured into 100-mm sterile plastic petri dishes on a level surface and allowed to harden. The use of both base and seed layers offers no significant advantage. The plates were refrigerated at 4 C for at least 30 min before use and used only on the same day.
Collection of serum. Blood from subjects was collected either in test tubes or capillary tubes and proc-88 VOL.17,9 ASSAYING SERUM LEVELS OF ERYTHROMYCIN essed to obtain serum. If the serum must be maintained for more than 1 or 2 days before assay, freezing is preferable to refrigeration.
Plating procedure. One-quarter-inch (6.35 mm) paper discs (E-740; Schleicher & Schuell Co., Keene, N.H.) held by forceps were saturated by capillary action and placed on opposite sides of the agar plate. Dipping the discs into the serum was not satisfactory.
The reference discs (0.25 ,g/ml) were placed in position 90°from the first two discs, a total of four discs per plate. This was done to prevent overlap of the resulting inhibition zones from samples of high potency. All levels of the standard curve were plated as described above, six replicate plates per level. Samples were plated similarly, three replicate plates per sample, six discs of sample, and six of reference standard where volume of sample allows. If the sample is limited, as many discs as can be saturated are used. Assay plates were inverted and incubated at 30 C for 16 to 18 hr.
Reading and manual calculation. Zones of inhibition were read to the nearest 0.25 mm by projection or other suitable method. The reference zone measurements from the plates of the standard curve were averaged, and that average was used to adjust for plate variation in the 0.025, 0.05, 0.1, 0.5, 1.0, 2.0, and 4.0 Jzg/ml standards. The adjusted zone sizes plus the reference were used in the construction of the standard curve. The curve was drawn with the zone diameters plotted arithmetically and standard concentrations logarithmically on a 3-cycle semilog scale. The zones from the test samples were adjusted, and potency values were read directly from the standard curve.
Experimental designs. An initial study (A) was conducted to determine the precision of the saturated disc assay method for serum with a varied number of plates and zones per plate. The antibotic standard concentrations used were as described above. Five plates with four zones per plate were used at each of the standard concentrations. This was repeated for each of the 3 days.
In study A, an analysis of variance was made at each of the six concentrations to determine the relative magnitude of variation of zones and plates. The plateto-plate variance component was determined to be very slight, i. e., most plate-to-plate variation can be accounted for by zone-to-zone variation. Therefore, in subsequent analyses of precision, the total number of zones was considered irrespective of the number of plates. Also, a day-to-day variance component was considered to be not relevant, since a new reference standard was used each day, and unknowns were related to the standard curve for that day.
Subsequent to study A, this assay method was put into general usage. The precision from 10 consecutive routine blood level assays, study B, was determined and compared with that of study A. The standard antibiotic concentrations used were the same as those for study A (Fig.  1) . Such a curve can be used for manual calculation with proper adjustment accorded to the reference value on any given day.
Graphical and statistical calculations demonstrate an excellent linear relationship of average zone size to the log concentration over the range of 0.05 to 2.0 gg/ml. This is the range over which the statistical computations were made, although the graphical relationship (Fig. 1) is shown over range of 0.025 to 4.0 IAg/ml.
In study A, 120 zones were used in computing a standard curve (20 at each of the 6 concentrations). Computed results were highly compatible for the 3 days. Results for the standard curves of study B likewise were homogeneous. The standard errors of estimate for study A and study B were determined to be of similar magnitude (0.63 and 0.54 mm, respectively). Data from both studies are given in a pooled form in Table 3 .
By using the information from the regression analysis of study B we can ascertain the expected precision of an assay for a specified number of zones. Such precision for predicting the concentration of the unknown in the proximity of the midpoint of the standard concentrations used was determined. The equations referred to in Brownlee (3) were solved to determine the precision when the number of zones is varied in the determination of the concentration of the unknown.
For a single zone, the assay error confidence limits in the estimation of antibiotic concentration is of the magnitude of 30%; for six zones (three plates and two zones per plate), it is of the magnitude of 12%.
Although the precision given above is for the proximity of the midpoint of the standard concentrations, the increase in error was not substantial at the extreme concentrations. With four zones the 14% error computed at the midpoint increases to 15% in the vicinity of 0.05 and 2.0 pg of serum per ml. This can be explained by the fact that the slope of the curve is very large relative to the zone variation exhibited. Hence, assay error is changed very little over the range of standard concentrations.
The assay technique is applicable to a variety of other antibiotics (Table 4 ). It appears that the use of polynomial regression and a computer for curve fitting is readily adaptable to several, if not all, the antibiotics. DISCUSSION The system described has sensitivity of 0.03 to 0.035 ,ug of serum per ml, with a curve up to 4.0 ,gg/ml that reduces the need for intermediate dilutions. Small sample volume, 0.04 ml per disc, makes it possible to obtain a satisfactory estimate on a limited sample or a more precise figure with increased coverage. The capillary saturation procedure is adaptable to large-scale routine use of theassayin blood serum studies without the tedium associated with the use of pipettes for applying samples and standards to the paper discs.
The procedure can also be used to assay materials other than serum; namely, spinal fluids, ocular fluids, pleural fluids, and ear fluids to obtain estimates with known statistical precision. In some of these applications, it may be desirable to employ a diluent other than serum for the standard curve, i.e., a diluent which more closely resembles the material being assayed.
Although the method described was developed to handle serum where the sample size was limited, it has proved generally applicable for antibiotic assays. A total of three assay plates, six reference discs and six unknowns have been adopted as standard practice. If greater precision is desired, the cylinder plate method with larger samples may be employed. However, the macromethod requires a much greater quantity of serum.
The assay method is readily adapted to computer calculation; it eliminates the labor of manual calculation with its attendant errors. The method of least squares can be used to calculate the line of best fit; the statistical data were developed on this basis. The method of polynomial regression can be used to better fit the curve to the data.
The micromethod is generally adaptable to antibiotics other than erythromycin. Sufficient data were developed with six antibiotics to determine the sensitivity and the range of the standard curves. Although the method does not provide a 100-fold range for all the antibiotics, it does have VOL. 17, 1969 a range of at least 25-fold, thus minimizing the need for making dilutions.
If the assay is run routinely and data are accumulated to construct a composite standard curve, it is useful to employ the composite curve with only a reference value obtained from the assay plates. The reference is placed in position on the composite curve graph, and a line is drawn through the reference point parallel to the composite curve. Samples are calculated from the parallel curve. This technique is convenient when assaying small numbers of samples or confirming previous assays when a high degree of precision is not required.
